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Abstract 



^SJ ! We calculate the OO'^'^-wave two- meson spectra for the reactions 77 — > vr'^vr'^, 77 — > 
7r~'"7r~, 77 -^ K^K^ and 77 — > K^K^ on the basis of: (i) the results of the K- 

►-j^ ■ matrix analysis of the OO"*""*" amplitudes for the reactions vrvr — > vrvr, KK, rjr], rjrj' , 

00 . TTTTTTTr, and (ii) recently developed method for calculation of the decay amplitudes 

^ I fo{l^Poqq) —>■ 77, foC^^PoQQ) -^ 77- The reconstructed tttt and KK spectra can be 

\^ • used as a guide for the extraction of partial widths of scalar/isoscalar resonances 

O : /o(980) -^ -f-f, /o(1300) -^ -f-f, /o(1500) -^ 77, /o(1750) -^ 77. As follows from our 

^ I calculations, the resonances /o(980) and /o(1500) in the 7r"^7r^ and Tr'^vr" spectra 

■~-^ ■ reveal themselves as dips. 

iu: 

^ . 1 Introduction 



The reactions 77 — >■ mesons provide valuable information on the quark/gluon 
structure of mesonic states, see [1] and references therein. These reactions were 
intensively studied during the last decade (see, for example, Refs. [2-5]), and 
their investigations are carried on. 

In the present paper we discuss the 00^^-spectra in the two-meson production 
processes 77 —>■ ti^tt^, 77 -^ tt+tt^, 77 -^ K^K^ and 77 — * K^K" where the 
production of the scalar/isoscalar resonances provides a possibility to measure 
partial widths /o -^ 77. 

Recently, the 77-widths were calculated for scalar mesons, members of the 
l^P^qq and 2^PQqq nonets [6]. In the 10"^-channels, where scalar/isovector 
resonances, Qq, are seen, the background is comparatively small. However, 
for scalar/isoscalar resonances there is a strong interference of the resonance 
signal with a background, that is quite analogous to the situation observed 
in the analysis of the tttt -^ tttt 00++-wave at M^^ ~ 600-1900 MeV [7,8]. 
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Because of that, when discussing the scalar/isoscalar sector and 77 partial 
widths of the /o-states, we should reconstruct both resonance and background 
contributions. 

There are two types of processes which determine the prompt production of 

mesons in the reactions 77 -^ tttt and 77 -^ KK (see Fig. 1 where the 

diagrams for the reaction 77 — * tt+tt^ are shown): 

(i) direct s-channel resonance production, Fig. la, and 

(ii) non-resonance production (the main contribution, one can guess, is due to 

diagrams with the t- and w-channel pole singularities located near the physical 

region. Fig. lb). 

In addition, a large background in the 00++-channel ultimately brings out a 

significant final state interaction effect. 

The fi'-matrix approach provides an appropriate technique for taking into 
account both the prompt production processes and those followed by the final 
state meson interaction. In Refs. [7,8], the if -matrix amplitude was restored 
for the processes tttt -^ tttt, KK, rji], rji]' and nmin in the mass region M^^r < 
1900 MeV: just this amplitude is necessary for final state interactions in the 
processes 77 — * two mesons. 

In the next Section we write down the if -matrix amplitudes for the processes 
77 -^ TTTT and 77 -^ KK. In Section 3 the if -matrix elements for the prompt 
processes shown in Figs, la and lb are presented. We discuss the results in 
Section 4, and a brief conclusion is given in Section 5. 



2 if-matrix amplitudes for 77 -^ tttt and 77 -^ KK 



Here the formulae are given for the process 77 -^ n^ii ; the amplitudes for 
other processes under consideration are written in a similar way. 

The amplitude for the production of 5*- wave pions, with i = 0, in the reaction 

77 -^ TT+TT^ reads: 



^a,/3(77 -^ TT+TT ) = e'^g^^K.^y^a 



I 

a/3 -^^77 



i-ipKJa,n+n- 



The indices {a, (3) refer to the photon polarization, and the metric tensor g-^^ 

works in the space perpendicular to the momenta of colliding photons. if-y-y,a 
is the if -matrix element for the prompt transition 77 -^ a, and the index 
a runs over seven states: 7r°7r°, 7r"'"7r~, K^K^,K^K^ , rji], rjrj' and nnnn. The 
factor (I — ipK)~^ is responsible for the final state interaction of mesons: I is 



the unity matrix, p is the diagonal phase space matrix, p = diag{pi, p2, ps, ...), 
where pa is the phase space of the state a, and the matrix elements Kab refer 
to meson-meson interaction in the channels tt'^tt^, tt+tt", K^K^,K^K~ , 7777, 
rji]' and nnnn. 



2.1 K -matrix representation of the 00+^^ wave meson-meson amplitude 



In the cm. energy region ^/s < 1900 MeV, the i^-matrix amplitude for meson- 
meson interaction in the channels tttt, KK, rjr], rjr]' and TTTTTTTr has been found 
in [7] on the basis of a sample of data from Refs. [9-11]. The matrix elements 
were parametrized as a sum of the pole and background terms: 



Kab{s)=j:^r^^+'^ab{s). (2) 



The analysis of Ref. [7] evidently shows that five i^-matrix poles are needed 
for fitting to data at ^/s < 1900 MeV. The i^-matrix pole corresponds to 
a meson state with the switched off decay channels: g^^ -^ 0. However, the 
experimentally observed couplings g^""^ are not small, and these couplings, 
being responsible for the decay of meson states, are also responsible for a 
strong meson mixing. Moreover, the masses of mixed states differ significantly 
from the primary ones. These "primary mesons" were called "bare mesons" 
[7], in contrast to physical states, for which the cloud of real particles (tttt, 
KK, rjri, and so on) plays an important role in their formation. The coupling 
constants of bare state, g^, depend on quark/gluon content of the state a, so 
the restoration of couplings for the channels tttt, KK, rjr], rjr]' makes it possible 
to perform the gg/gluonium classification of bare OO"*"^ states. The fiavour 
content of the scalar/isoscalar bare states, members of the nonets l^Poqq and 
2^Poqq, is determined by the mixing angle as follows: qq = nn cos + ss sin 
where nn = [uu + dd)/\/2. 

Concerning the non-pole term, a smooth s-dependence was allowed for $^^(5). 

Two solutions for the bare states in the mass region ^/s < 1900 MeV were 
found in Ref. [7]. 



Solution I: 










Classification 


State 


Mixing angle 




v'Pm 


ybarc(720 ± 100) 


-69° ± 12° 




I'Poqq 


/ob^'-*^(1260±30) 


21° ± 12° 




2^Poqq 


/o^^'-^(1600±50) 


-6° ± 15° 




2^Poqq 


/ob^'^'=(1810±30) 


84° ± 15° 




Gluonium 


/o^'^'^'=(1235±50) 




Solution II: 










Classification 


State 


Mixing angle 




I'Poqq 


f^^'%72Q ± 100) 


-69° ± 12° 




I'Poqq 


/o^^'^<=(1260±30) 


21° ± 12° 




2'Poqq 


/ob^'-*^(1235±50) 


40° ± 10° 




2^Poqq 


/ob^'-^(1810±30) 


-50° ± 10° 




Cluonium 


/o^^'^'=(1560±30) 





(3) 



(4) 



Both i^-matrix solutions, I and II, lead to nearly identical positions of the 
amplitude poles in the complex mass plane. The amplitude has five poles: 

Resonance Pole position {in MeV) 



/o(980) 1015 ± 15 - i(43 ± 8) 

/o(1300) 1300±20-i(120±20) 

/o(1500) 1499 ± 8 - i(65 ± 10) 

/o(1750) 1750 ± 30 - i(125 ± 70) 

/o(1530l^°o) 1530t^°o - ^(560 ± 140) . 



(5) 



An appearence of the broad resonance /o(1530_25o) is not accidental: a large 
width of /o(1530l25o) is due to an effect of the accumulation of widths of neigh- 
bouring resonances [12]. In both solutions, the broad state is the descendant 
of the scalar gluonium keeping ~ 50% of its component. 



2.2 K -matrix elements for the transitions 77 -^ mr and 77 -^ KK 



The i^-matrix element for a prompt production of mesons, K^^^a of Eq. (1), 
is written in a form similar to Eq. (2): 

^ 4 ^bare (a) 



Here -F^^_!!fj- t^\ is the form factor for the production of bare scalar/isoscalar 
qq state: 77 — ^ /^^^'^{a). The summation is carried over all the qq states (Eq. 
(3) for Solution I and Eq. (4) for Solution II). The term /^^a refers to the 
background contribution. 



2.3 Coupling Fl^""^^ 

In calculation of -F?^!: , we follow the method developed in [6,13] where the 
form factors for the transition processes meson -^ 7*(Q^)7 were studied; in 
the limit Q^ -^ 0, the transition form factor provides the decay coupling 
meson -^ 77 which is written in (6). The method is based on the double 
spectral representation for the transition amplitudes and application of the 
light-cone wave functions for mesons involved. An important point is that in 
the analysis of the reactions tt" — > l*{Q'^)l-, V -^ l*{Q'^)l and rj' — > 7*(Q^)7 
the vertex for the transition 'j -^ qq (or photon wave function) was determined 
in Ref. [13]. 

Following the prescription of Ref. [6], we present the couling Fj^^^'t in terms 
of the light cone variables: 



pbare _ 2y/Nc f dx 

^/0-77- 16^3 J x{l-xy ' ' 

^ ' 



X 



COS0 Z.^nTnn{x, A;x)^t"(^nJ^7-n^(^, 



+ sin0 ZssTs-s{x, k^)^>)^''{M%)m,^,s{M\ 






(7) 



Here x and k^ are the light cone variables of quarks; "^^^^^IM^^) is the qq 

ave function of /q'^^^, ai 
Mgg, or non-strange, M^f^, quarks: 



wave function of Jq'^^^, and M^^ is the qq invariant mass squared for strange. 



^"^ xd-x) 



Here m is the constituent quark mass; Znn and Zss are charge factors for 
nn and ss components: Znn = (e^ + e^)/\/2 = 5/9a/2 and Zss = e^ = 1/9. 
The factor \/N^, where A^c = 3 is the number of colours, is related to the 
normalization of the photon vertex; the photon wave functions \E'^^„ji(M^j^) 
and "^y^ssiMss) were found in Ref. [13]. 

The wave function J'q^'^^ of the basic nonet l^Poqq is parametrized in the 
exponential form: 

^"^riK) = ^e-"""--, (9) 



where C is normalization constant, and the parameter b determines the radius 
squared of the bare state. 

The wave function of the first radial excitation, 2^PQqq, is written in the ex- 
ponential approximation as follows: 

^bare (1)(^2_) ^ C^{D,M'^^ - l)e-^^<- . (10) 



The parameter bi can be related to the radius of the radial excitation state, 
then the values Ci and Di are fixed by the normalization and orthogonality 
requirements, ^^^'^ ^'^ ® ^J^'^ ^'^ = 1 and ^/„ ® ^J^" ^'^ = 0. 

For the transition form factor, the spin structure factor Tnn{x, k±) is fixed by 
the quark loop trace. It is equal to [6]: 



kj_ cos ip 



-8m^ (111 



Tgg{x,k±)=2mM^g 1 + 



where k± = {k± sirup, k±cosip). 
2.4 Background terms f^^^a 



The background terms cannot be calculated unambiguously, they are to be 
considered as free parameters. One may suggest that dominant contribution 
into /^^ a is given by pole diagrams with t- and w-channel singularities located 
near the physical region: these are diagrams of Fig. lb type with charged 
pion and kaon exchanges. However, the pole terms contain unknown t- and 
M-channel form factors: in the pole diagram of Fig. lb, the form factor refers 
to the 77r7r- vertex. These form factors cause uncertainties in calculation of the 
pole diagram contributions into /^^.a- 



Below, when estimating vrvr and KK spectra, we follow an idea that dominant 
contribution comes from the processes with charge exchanges in the crossing 
t- and M-channels. Therefore /^^ ,r+7r- 7^ and f-yy^K+K- 7^ 0, while all other 
/^^a's are equal to zero. We parametrize /^^^+^- in the form: 



J77,7r+7r Sirn r^ \ (''V 



g(g-V)(i-i/^ 

s^ — s{s — 4:fi'^)y'^ 



(12) 



Here Ctttt is a parameter, the factor l/y/S is Clebsch- Gordon coefficient, and 
H is the pion mass. The integral in (12) is the 5'-wave projection of the sum 
of the pion exchange diagrams in t- and w-channels: we fix the s-dependent 
shape of f^^^^+^- in a form which is given by the closest pole terms in the t- 
and -u-channels. The parameter (^,r7r effectively accounts for the uncertainties 
related to the contributions of form factors and other more distant diagrams. 

The background term f-y^^K+K- is parametrized by the analogous expression, 
with the replacements (^^/\^ -^ Ckk/V^ ^^'^ /^ ~^ f^K- 



3 Results 



The results of calculation of the 00^'^-wave two-meson spectra in the reactions 

77 -^ TT^Ti^, '-ff -^ TT^TT^, 77 -^ K^ K^ and 77 -^ K^K~ are shown in Figs. 2 
to 5. 

For the calculation of spectra, we fix the parameters h and 61 which determine 
the radii of mesons l^Poqq and 2^Poqq, see Eqs. (9) and (10). The value b is 
chosen to be the same as that of ao(980): following the results of Refs. [7,8], 
we suppose that ao(980) is a member of the l^P^qq nonet. The calculation 
of partial width ao(980) ^ 77 gives [6]: R^il^P^qq) ~ 15 GeV~^. The quark 
model teaches us that the meson radius for the first radial excitation should be 
greater than that of the basic nonet; correspondingly, we put R^{2^PQqq) = 22 
GeV^^. In terms of a pion radius, it means that R{1^ P^qq) / R.,^ ~ 1.22 and 
R{1^ Poqq) / Rt^ ^ 1.48. The couplings -^^^at^^-y are calculated for these values 
of radii. 

The parameters Ctttt and (j^j^ define the background in the tttt and KK spectra. 
We use the data from the low-energy region of spectra 77 -^ tttt (where the S- 
wave dominates) to fix (t^.^. However, in this region the data of different groups 
differ significantly from each other, so we present in Figs. 2 to 5 the calculation 
results with (^^.^ = 0.5 and Ctttt = 0.35 which provide better description of either 
the data of Ref . [2] or Ref. [4] , correspondingly. 



A relative sign of the wave functions '^^^^'^ and \1/ r'^'^^ is not fixed. T 



wo 



curves in Figs. 2 to 5, solid and dotted ones, correspond to opposite signs of 

Ci. 

In all calculation variants the resonances /o(980) and /o(1500) reveal them- 
selves as dips in the ti^ti^ and tt+tt^ spectra; the resonance /o(1300) is hardly 
seen producing rather weak variations in the spectra. At E > 1000 MeV, the 
contribution of the 02+"''-wave increases being dominant in the region of the 
/2(1270)-resonance. 

For the KK spectra, we consider the variants with ^jttt = 0.5, (^j^ = 0-''' (Figs. 
4a,b and 5a,b) and Ctttt = 0.35, C/r^ = 0.44 (Figs. 4c, d and 5c, d). The variant 
Cnn = 0.5, (kk = 0.7 supposes that the contribution of the 02"''+-wave into 
K^K^ spectrum is small at 1200-1400 MeV. More realistic is the variant with 
C^^^ = 0.35, C,KK = 0-44 where the peak in the region 1300 MeV is due to the 
/2(1270)-resonance. The 00"'"'^-wave gives a small contribution to the K^K^ 
spectrum, see Fig. 5, (the resonance ao(980) can dominate in the region near 
1000 MeV). 



4 Conclusion 

The extraction of partial widths /o(980) — ^ 77 and /o(1500) -^ 77 from 
studying the reactions 77 — ^ tttt and 77 — > KK requires detailed partial wave 
analysis of meson spectra. Here the situation is similar to that in the spectra 
TTTT -^ tttt: the resonances /o(980) and /o(1500) reveal themselves as dips in 
both reactions. 

The TTTT and KK spectra are not sensitive to the position of a pure gluonium: 
solutions I and II, which refer to pure gluonium at 1230 and 1600 MeV, cor- 
respondingly, give rather similar spectra. The unification of the spectra with 
different positions of the gluonium is due to the final state interaction effects. 

We thank D.V. Bugg, L.G. Dakhno, V.A. Nikonov and A.V. Sarantsev for 
useful discussions and comments. The paper was supported by grants RFFI 
98-02-17236 and INTAS-RFBR 95-0267. 
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Fig. 1. Diagrams for the prompt production of vr^vr : a) s-channel /o-meson pro- 
duction, b) t-channel (or tt-channel) yr-meson exchange process. 
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Fig. 2. The 00^^ cross section for 77 -^ tt^tt^ reaction. SoHd and dashed curves 
correspond to positive and negative signs of the normahzation constant for the first 
radial excitation wave function; ("7^^ = 0.5 stands for (a) and (b), and ("tttt = 0.35 
for (c) and (d). Experimental data are taken from Refs. [2,4]: the data include 
contributions of all waves. 
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Fig. 3. The 00"''^ cross section for 77 -^ 7r"'"7r reaction. Notations are the same as 
for Fig. 2. 
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Fig. 4. The 00"*""*" cross section for 77 -^ K^K^ reaction. Curves are marked as in 
Fig. 2; (a) and (b) correspond to ("t^tt = 0.5, QxK ~ ^-"^ ^"^^ (*^) ^'^^ (^) correspond 
to U = 0.35, Ckk = 0-44. 
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Fig. 5. The 00"'"''' cross section for 77 -^ K^K reaction. Notations are the same 
as in Fig. 4. 
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